Abstract：In this study, the impact behavior of ten types of high performance self-compacting 8 concrete (HPSCC) was explored using the drop-weight method. The HPSCC specimens were 9 reinforced with steel rebars and different fibers for comparison with plain concrete. The 10 reinforcement mechanism of the influences of steel rebars and different fibers on failure impact 11 energy was explained. The composite effects of hybrid use of steel rebars with different fibers on the 12 failure impact energy were also compared. The penetration depth for each mixture was analyzed.
road pavements and precast concrete piles. For bridge planks and road pavements, due to passing 4 vehicles, they often endure repetitive impact loads produced by surface irregularities [1] ; for precast 5 concrete piles, during the driving process, the most obvious cause of damage is spalling of the head 6 of the pile (see Fig.1 ). Certain impact events are characterized by low impact velocity and high 7 projectile mass which can cause significant damages [2] . According to investigation of Düring et al
8
[3], the actual impact velocity can reach up to multiple 10 m/s for low-velocity impact, therefore, the 9 impact events occurred in the bridge planks, road pavements and precast concrete piles usually come under the low-velocity impact. investigations have been conducted to study the fiber effect on the impact properties of concrete, the macro steel fibers were presented in Table 2 . Table 3 showed the arrangement of steel rebars and different macro fibers with different dosages 14 added into the HPSCC specimens.
15 Because the steel rebar was added into the specimen, the specimen thickness was up to around 11 75 mm, and the hammer was elevated to 600 mm. The flexural properties of concrete mixtures with different fiber types and fiber contents are 17 shown in Table 5 . Table 5 , it can be seen that: ii) Compared to PP4, the residual strength f600 and f150 of PP6 increased by about 4% and 28%, 7 respectively, and the toughness T150 increased by about 16%. iii) Compared to PP6, the residual strength f600 and f150 of SF20 increased by about 156% and 9 136%, respectively, and the toughness T150 increased by about 127%.
10
iv) Compared to SF20, the residual strength f600 and f150 of SF35 increased by about 62% and 11 50%, respectively, and the toughness T150 increased by about 38%. 
Impact test results

13
The comparisons of the number of repeated impact to the first crack (N1) and to the failure (N2)
14 of all test samples are illustrated in Table 6 . It can be observed that both the values of N1 and N2
15
exhibit a relatively large variation. 
3
The statistical analyses of experimental results are shown in Table 7 . The impact energy 4 absorbed by the specimens can be calculated as follows [9] :
where W, N, m, g denote impact energy, number of repeated impact, mass of the drop hammer, 7 acceleration due to gravity and height of fall, respectively.
8 Based on the impact results in Table 7 , the following points can be observed in terms of the first The first crack impact energy (W1) equals to the failure impact energy (W2), that is to say the 1 appearance of the crack and the failure of the specimen took place simultaneously, and the specimens 2 without fiber reinforcement show clearly brittle behavior. about 53% and 167%, respectively; compared to PP4, the absorbed impact energy increased 10 by about 35% and 21%, respectively.
11
It can be seen that the addition of macro PP fibers can improve the ability of energy absorption 12 under impact load, and the energy absorption capacity increases with the increasing of fiber content.
13
This behavior could be attributed to the enforcement of toughness due to randomly distributed macro 14 PP fibers. During the impact process, the macro PP fibers spanning across the cracks can transmit 15 loads from one side to the other side of the cracks (see Fig.4 ), and a large amount of energy can be 16 absorbed in the process of de-bonding, slipping, breaking down and pulling out of macro PP fibers.
17
These mechanisms can not only limit cracks propagation, but also improve the ductility of the 18 concrete. This can be clearly observed from the failure pattern of specimen as depicted in Fig.4 . ii) For SF35, the first crack impact energy (W1) and the failure impact energy (W2) were 827.7 7 J and 1468.5 J, respectively. Compared to NC, the absorbed impact energy increased by 8 about 107% and 267%, respectively; compared to SF20, the absorbed impact energy 9 increased by about 7% and 6%, respectively. Even so the steel fiber content increased 75%.
10
It means that SF35 may be cost inefficient. Therefore, for possible industrial application 11 SF20 could be more attractive than SF35.
12
iii) Compared to PP4, the absorbed impact energy of SF20 increased by about 71% and 58%, and macro PP-fibers. As the macro PP-fibers are partly broken down and partly pulled out (Fig.4) , 10 the most steel fibers are gradually pulled out (Fig.5) after the concrete cracking subjected to impact 11 loads. This mechanism can not only absorb and diffuse the impact energy by de-bonding, slipping 12 and pulling out of fibers in the matrix, but also delay the cracks extension, hence improve the failure 13 impact energy (W2). The reinforcement ratio of steel rebar reinforced specimens was 1.9%, and these specimens 18 were used to simulate the impact property of precast pile tip. The mass of the steel rebars of each 1 specimen is 0.209 kg, just as the macro steel fiber weight in the FRC with fiber content of 148 kg/m 3 .
2
The first crack impact energy (W1) and failure impact energy (W2) were 540.6 J and 9343.3 J.
3
Compared to NC specimens without any reinforcement, the absorbed impact energy of RC increased 4 by about 40% and 2233%, respectively. It shows that the addition of steel rebars can significantly 5 improve the failure impact energy (W2). It is due mainly to the bond effect on the interface between 6 concrete and steel rebars: after cracking the force transfer is mainly governed by bearing of the ribs 7 against the concrete( Fig.6 (a) ), with the dropping operation continuing, the slipping between the 8 concrete and the rebars can significantly diffuse the impact energy, therefore, the failure impact 9 energy can be greatly improved, and the final failure can mainly be attributed to the longitudinal and 10 circumferential cracks (Fig.6 (b) ) [40] . ii) For RC+SF35, the first crack impact energy (W1) and failure impact energy (W2) were 640.7
12
J and 32888.5 J. Compared with NC, the absorbed impact energy increased by about 60%
13
and 8113%, respectively. 14 iii) Compared to SF20 specimens, the first crack impact energy (W1) of RC+SF20 decreased by 15 about 30%, and failure impact energy (W2) increased by about 2200%. 
21
It can be seen that the combined use of steel rebars and macro steel fibers can greatly increase 22 the failure impact energy (W2) and indicates enormous positive hybrid effect on the impact property. which can be seen clearly from Table 8 .
6 From Table 8 , we can see that no matter RC with PP fibers or RC with steel fibers, the positive 8 hybrid effect was shown clearly, however, the level of increase was rather different and influenced by 9 the fiber types and dosages, the percentage of increment can be found in Fig.7 . 14 ii) The η value of RC+PP6 is 94%. Compared to RC+PP4, the η value of RC+PP6 increases by 15 236%, even though the macro PP fiber contents increased 50% only. It means that RC+PP6
16
shows both superior impact property and cost efficient for possible industrial application.
17
iii) The η value of RC+SF35 is 204%. Compared to RC+SF20, the η value of RC+SF35 18 increases slightly (only 3%), even so the steel fiber content increased 75%. It means that
19
RC+SF35 may be cost inefficient. Hence, for possible industrial application the 20 combination of RC+SF20 could be more attractive than that of RC+SF35.
21
iv) Compared to RC+PP6, the value of η of RC+SF20 increases by 111%. Therefore, the hybrid use of steel rebars and macro steel fibers presents much greater positive composite effect on 1 W2 than that of the combination of steel rebars and macro PP fibers. Table 8 . From Fig.8 and Table 9 , some phenomena as follows can be observed: 2 i) For the specimens of NC, when the first crack appears, the specimens broke down 3 immediately into two pieces (see Fig.8 (a) ), and show an obviously brittle failure behavior.
4
ii) For the macro fiber reinforced specimens with different fiber dosage (PP, SF), when the first 5 crack appears, the specimen can continue to bear the impact loads and to absorb the impact 6 energy; the new cracks will occur gradually, most part of the specimens fail when 2-3 cracks 7 appear, and break into three or more pieces (see Fig.8 iii) For the steel rebar reinforced specimens, the failure process is similar to that of the PP and
12
SF, in most case, the specimens fail with 4 cracks, and break into four or more pieces (see distribution is adopted in this study. In addition, we use graphical method to describe the impact 8 property factors of ten types of samples.
Distribution of impact property factors
9
The cumulative distribution function
 
Fnof two-parameter Weibull probability law can be where n is the impact life of the concrete; α is the Weibull slop; u is the scale parameter.
13
The function   Fn corresponds to the failure probability. So the survivorship function may be 14 defined in Eq. (4): Afterwards, the coefficients α, β, R 2 can be obtained from the regression analysis, respectively.
9
For the experimental data regarding the number of blows to the first crack (N1) of NC, PP4, PP6, 10 SF20, SF35, RC, RC+PP4, RC+PP6, RC+SF20 and RC+SF35, the distribution of the data and the 11 corresponding fitted curves are illustrated in Fig.9 . The same method has been adopted by using test 12 results regarding the number of repeated impact to the failure (N2), the distribution of the data and corresponding to ten types of specimens are shown in Table 9 . The approximate straight-line plot in Fig.9 indicates that the two-parameter Weibull distribution may be an appropriate method for the statistical description of the number of blows to the first crack The approximate straight-line plot in Fig.10 indicates that the two-parameter Weibull 6 distribution is a suitable approach for the statistical description of the number of blows to the failure 7 (N2). The small difference of the various slopes can be traced back to the fiber or rebar effect on the 8 ductile behavior of specimens during the post crack period. 
Conclusions 7
Based on the experimental and analytical investigation, the main conclusions could be drawn as 
